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Abstract 24 

Geomorphological features potentially related to subsurface ice, such as scalloped 25 

depressions, expanded craters, pedestal craters, and banded terrain, are present in and around 26 

Hellas Planitia, Mars. We present a radar survey of the region using the Shallow Radar (SHARAD) 27 

instrument on board the Mars Reconnaissance Orbiter (MRO) to identify candidate subsurface 28 

reflectors that may be due to the presence of potentially ice-rich deposits. We found that the 29 

majority of radar returns are likely from off-nadir surface topography (“clutter”), arising from the 30 

rough topography of the region. There is no widespread radar return from any subsurface 31 

interfaces. However, we identify a group of six reflectors adjacent to each other on a plateau in 32 

Malea Patera in which we have higher confidence. Landforms associated with ice-rich mantle are 33 

associated with the plateau, but the thickness of this mantle does not correspond to the expected 34 

depth of the reflectors. However, layers beneath the mantle and margin pitting at the edge of the 35 

plateau are similar to those associated with pedestal craters, which may be ice rich and are a similar 36 

thickness to the expected depth of the reflectors. Malea Patera has been suggested to be a volcanic 37 

caldera, so the reflectors may be associated with a volcanic deposit within the plateau, although 38 

the evidence for this is inconclusive. Because this radar detection is localized and its origin 39 

ambiguous, we cannot use it to make conclusions about the thickness of subsurface deposits in the 40 

Hellas region as a whole. The lack of widespread radar reflectors in this region, as compared to 41 

the northern mid-latitudes where extensive radar reflections have been mapped, may be due in part 42 

to higher surface roughness, which creates radar clutter that may obscure subsurface reflectors. 43 

However on the southern rim of the basin and south of the basin, the lack of reflectors may indicate 44 

that the possible ice-rich deposits observed geomorphologically in this region are too thin to be 45 

resolved by SHARAD, are dielectrically similar to the underlying unit, or have a gradual vertical 46 
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transition in ice content that is not reflective for the radar. This would imply that recent climate 47 

processes may have favored widespread, thick ice deposition or preservation in the northern 48 

hemisphere.  49 

 50 

1. Introduction 51 

Identifying the locations of ice deposits and quantifying the ice present in these deposits 52 

can provide insights into past climatic changes driven by variations in orbital parameters. 53 

Throughout the Amazonian period (past 3 billion years) Mars’ obliquity has varied substantially, 54 

e.g. between more than 45° to less than 15° just in the last 10 Myr (Laskar et al., 2004) alone. 55 

These variations in obliquity lead to changes in insolation at the poles that can drive water vapor 56 

transport around Mars.  57 

At high obliquities, greater insolation at the summer poles (Laskar et al., 2004) can lead to 58 

sublimation of ice that increases the atmospheric water content (Mellon and Jakosky, 1995, 1993). 59 

This, along with decreased temperatures at lower latitudes, can lead to increased diffusion of water 60 

vapor into pore spaces in the regolith, forming pore-filling ice (Mellon and Jakosky, 1995, 1993). 61 

These variations may also involve the emplacement of excess ice, defined as ice which exceeds 62 

the amount that can be stored in the regolith pore space (Harris et al., 1988), by processes including 63 

snowfall, ice lens formation (Sizemore et al., 2015), and vapor diffusion coupled with thermal 64 

contraction (Fisher, 2005). Ice sublimated from the poles and mixed with atmospheric dust may 65 

be precipitated onto the surface at lower latitudes during high obliquities; this is thought to be the 66 

process that formed the latitude dependent mantle (LDM), a surface deposit of ice and dust found 67 

poleward of 30° latitude in the northern and southern hemispheres (Head et al., 2003; Madeleine 68 

et al., 2014).  69 
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At lower obliquities, insolation is greater at low and mid-latitudes, and between ±30–60° 70 

latitude ice can sublime from the LDM (Head et al., 2003) and be redeposited at the poles. At 71 

lower latitudes, complete removal can occur in localized areas, while at higher latitudes features 72 

like scalloped depressions can be formed from incomplete sublimation that does not expose the 73 

underlying substrate (Dundas et al., 2015; Milliken and Mustard, 2003). At latitudes poleward of 74 

~50°, measurements by the Neutron Spectrometer on Mars Odyssey (Feldman et al., 2004, 2002) 75 

and excavations at the Phoenix landing site (Mellon et al., 2009; Smith et al., 2009) confirm ground 76 

ice at regional and local scales, respectively. Models suggest that this ground ice is stable within a 77 

meter or less below the surface (Mellon et al., 2004).   78 

 Evidence for possible shallow subsurface excess ice in the mid-latitudes is also found in 79 

both hemispheres from observations of ice-exposing impacts (Byrne et al., 2009; Dundas et al., 80 

2014), thermokarst features such as scalloped depressions (Costard and Kargel, 1995; Dundas et 81 

al., 2015; Lefort et al., 2010, 2009; Morgenstern et al., 2007; Séjourné et al., 2011; Soare et al., 82 

2015, 2008; Ulrich et al., 2010; Zanetti et al., 2010) and expanded craters (Viola et al., 2015; Viola 83 

and McEwen, 2018), and pedestal craters (Nunes et al., 2011). Dundas et al. (2018) discovered 84 

several ice-exposing scarps over 100 m high in visible images taken by the HiRISE (High 85 

Resolution Imaging Science Experiment; McEwen et al., 2007) camera onboard NASA’s Mars 86 

Reconnaissance Orbiter (MRO). Most of these icy scarps are in the southern hemisphere, with one 87 

cluster also found in the northern hemisphere (Dundas et al., 2018). In Arcadia Planitia and Utopia 88 

Planitia, the Shallow Radar (SHARAD; Seu et al., 2007) instrument on MRO was used to place 89 

estimates on the dielectric constant of material above a subsurface radar reflector that is inferred 90 

to be the interface between the ice-rich deposit and underlying rocky units (Bramson et al. 2015; 91 

Stuurman et al. 2016). In Arcadia Planitia, this indicated a ~50 m thick layer with a dielectric 92 
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constant of 2.5, consistent with a high volume fraction of  ice, low lithic content, and some porosity 93 

(solutions are degenerate, so the precise composition cannot be determined) (Bramson et al., 2015). 94 

In Utopia Planitia, this indicated a layer 80–170 m thick, with a dielectric constant of 2.8, similarly 95 

consistent with a high volume fraction of ice, low lithic content, and some porosity (Stuurman et 96 

al., 2016). However, radar loss tangents may indicate a lower ice content in these areas (Campbell 97 

and Morgan, 2018).  98 

Radar studies in other regions which are thought to have excess ice, including Hellas 99 

Planitia, could potentially constrain the thickness of that ice and allow for comparison of the 100 

distribution and quantity of excess ice between the northern and southern hemispheres. 101 

2. Background 102 

Hellas Planitia (centered at 70°E, 42°S) is a ~2000 km diameter impact basin (Wood and 103 

Head, 1976). It exhibits a wide variety of terrains, interpreted to have been shaped by a range of 104 

fluvial, volcanic, aeolian, and glacial/periglacial processes (Bernhardt et al., 2016a). Fluvial 105 

activity is suggested to have occurred along the northern rim of the basin during the Noachian and 106 

possibly later (Bernhardt et al., 2016a). The pattern of cell-like depressions known as honeycomb 107 

terrain unique to the northwest of the Hellas basin may have formed by salt or ice diapirism during 108 

the late Noachian to early Hesperian (Bernhardt et al., 2016b; Weiss and Head, 2017). Regions 109 

around the rim of the basin and to the south in Malea Planum have been identified as possible late 110 

Noachian to early Hesperian aged volcanic features (Williams et al., 2009). The late Hesperian to 111 

early Amazonian aged banded terrain (Fig. 1d), which is unique to the Hellas basin, may be related 112 

to deformation of an ice-rich layer or subglacial sediment (Bernhardt et al., 2019; Diot et al., 2015, 113 

2014). Geomorphological features that are potentially indicative of subsurface excess ice (Fig. 1 114 

a–c), including scalloped depressions (Lefort et al., 2010; Zanetti et al., 2010), expanded craters 115 
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(Viola and McEwen, 2018), and pedestal craters (Kadish et al., 2008) have been observed south 116 

of ~45° in Hellas Planitia and in Malea Planum (centered at 63°E, 66°S),  117 

The variety of terrains present in the Hellas region that could potentially be probed and 118 

characterized using radar motivate our radar survey of the region. Although we survey the entire 119 

region, we are particularly interested in probing the potentially ice-rich terrains in southern Hellas 120 

basin and Malea Planum, where thermokarst features such as expanded craters are prevalent (Viola 121 

and McEwen, 2018), and the northwest of the basin, where the enigmatic banded and honeycomb 122 

terrains are located (Bernhardt et al., 2019, 2016b; Diot et al., 2014).  123 

2.1 Ice-related features in/around Hellas Planitia 124 

 125 

Figure 1. Types of geomorphological features in Hellas Planitia, Mars that may be indicative of subsurface excess 126 

ice: a) Scalloped depressions (HiRISE image ESP_038610_1230). b) Expanded crater (HiRISE image 127 

PSP_010312_1235). c) Pedestal craters (CTX image J04_046431_1231_XN_56S322W). d) Banded terrain (CTX 128 

image B18_016642_1371_XN_42S307W). 129 

 130 
Scalloped depressions (Fig. 1a) are rimless depressions dissecting the latitude-dependent 131 

mantle, with steep pole-facing scarps and shallower equator-facing slopes (Dundas et al., 2015; 132 

Lefort et al., 2010, 2009; Morgenstern et al., 2007; Séjourné et al., 2011; Ulrich et al., 2010; Zanetti 133 

et al., 2010). Expanded craters (Fig. 1b) lack a rim and have a cone-shaped morphology, with a 134 

lower depth-to-diameter ratio than “normal” (non-expanded) craters (Viola et al., 2015). They have 135 

been suggested to be modified secondary craters because (in Arcadia Planitia) they are arranged 136 
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in radial chains that emanate from primary impact craters (Viola et al., 2015). In the southern 137 

hemisphere, including Hellas Planitia, both of these features are primarily found in the region 138 

between 50°S and 60°S, although some are found as equatorward as 45°S (Viola and McEwen, 139 

2018; Zanetti et al., 2010). There is a statistically significant concentration of expanded craters in 140 

Hellas Planitia (along with Argyre and Eridania Planitia) compared to the rest of the southern 141 

hemisphere (Viola and McEwen, 2018). The latitude dependence and morphology of scalloped 142 

depressions and expanded craters, as well as modeling of their formation, suggest that they may 143 

form due to the collapse of surface material following sublimation of subsurface excess ice  144 

(Dundas et al., 2015; Lefort et al., 2010, 2009; Morgenstern et al., 2007; Séjourné et al., 2011; 145 

Ulrich et al., 2010; Viola et al., 2015; Zanetti et al., 2010).  146 

Pedestal craters (Fig. 1c) and their ejecta are raised 20–80 m above the surrounding terrain 147 

(Barlow et al., 2000; Kadish et al., 2009). They are found primarily between 45°S–65°S in the 148 

southern hemisphere (Kadish et al., 2008), including Hellas Planitia. The hypothesis for formation 149 

of pedestals by sublimation of an ice-rich substrate except at an armored region around the crater 150 

(Kadish et al., 2009; Wrobel et al., 2006) is supported by their latitude dependence, circularity, 151 

and presence of marginal pits interpreted as due to sublimation (Kadish et al., 2009, 2008). Nunes 152 

et al. (2011) used SHARAD to constrain the dielectric constant of the pedestal material, using 153 

reflectors seen at depth through some thickness of the pedestal and assuming that the thickness of 154 

the deposit associated with the pedestal is equal to the height of the pedestal above the 155 

surroundings. For pedestal craters >30 km in diameter, they found dielectric constants of 3–5, 156 

consistent with a mixture of ice and silicates, while for smaller pedestals, they found dielectric 157 

constants of around 6, although those detections were fewer and more ambiguous (Nunes et al., 158 
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2011). Some of the positive detections of reflectors beneath pedestal craters were in Malea Planum 159 

(Nunes et al., 2011).  160 

Banded terrain (Fig. 1d) is a surface morphology composed of adjacent bands with linear, 161 

lobate, and concentric forms found only in the Hellas basin (Bernhardt et al., 2019; Diot et al., 162 

2014; El Maarry et al., 2012; Thomas et al., 2010). The nature of this terrain is highly debated. 163 

Banded terrain has been suggested to form from diapirs in association with the honeycomb terrain 164 

(Kite et al., 2009; Mangold and Allemand, 2003; Moore and Wilhelms, 2001), but this is difficult 165 

to reconcile with banded terrain that does not occur in association with honeycomb terrain 166 

(Bernhardt et al., 2019, 2016b). Observations of linear and lobate bands starting at topographic 167 

high points, and of features such as polygons, depressions, and mounds that suggest the presence 168 

of ground ice, led Diot et al. (2015, 2014) to suggest banded terrain may be due to the gravity-169 

driven viscous flow of a thin ice-rich layer. However, Bernhardt et al. (2019) found that band 170 

orientation does not always correlate with local slopes, implying that gravity-driven flow is not 171 

important. They suggest local stresses, resulting from a thick ice-sheet, deformed subglacial 172 

sediment (Bernhardt et al., 2019).    173 

2.2 Ice thickness 174 

Measurement of geomorphic features including those described above has been used to 175 

constrain ice thickness in this region. Zanetti et al. (2010) observed that scalloped depressions in 176 

southern Hellas basin and Malea Planum are typically 10–20 m deep, although some are 35 m deep 177 

or more, and noted that scallops do not typically erode through the entire mantle deposit to reveal 178 

bedrock, which suggests that the icy mantle thickness is at least as deep as the scallops. Zanetti et 179 

al. (2009) measured the diameter of completely or partially mantled craters in a portion of Malea 180 

Planum and southern Hellas basin, and used them to find the expected rim height of the craters. 181 
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This height was taken as a proxy for minimum mantle thickness for completely mantled craters, 182 

yielding results between 13 and 39 m, with the thickest mantling on the southern wall of Hellas 183 

basin.  184 

Boulder halos are circles of clasts hypothesized to have been excavated by impacts into a 185 

rocky unit beneath an ice mantle and that have outlasted the associated craters (Levy et al., 2018). 186 

Some boulder halos are present in Malea Planum (Levy et al., 2018). Measurements of boulder 187 

halo diameters have been used to infer that the thickness of ice mantle that would need to be 188 

excavated to reach a boulder-bearing substrate is 15 m for the southern hemisphere as a whole 189 

(Levy et al., 2018). Boulder halo size-frequency distributions suggest that the impacts causing 190 

boulder halos occurred prior to the most recent deposition of ice (Levy et al., 2018), so this depth 191 

may not represent that of the most recently emplaced ice deposit, although it is unclear why the 192 

boulders would not be buried under more recent deposits.  193 

In contrast with these estimates, several scarps that expose mid-latitude ice-rich deposits 194 

have been found between 55–60°S, and measurements of one suggest a thickness of at least 130 195 

m (Dundas et al., 2018). This suggests that, at least in some areas, ice-rich deposits an order of 196 

magnitude thicker than the estimates above may be possible. The relationship between these 197 

thicker deposits and the emplacement episode(s) that formed the LDM is still unknown. 198 

SHARAD can detect dielectric interfaces associated with subsurface deposits, providing a 199 

remote sensing dataset from which we may be able to identify the base of ice-rich deposits in 200 

Hellas Planitia. Based on the previous estimates for ice-rich deposit thicknesses in the southern 201 

hemisphere, it is plausible that the base of this ice could be detected by SHARAD (vertical 202 

resolution of 15 m in free space). If detectable, the thickness of the deposit could be constrained 203 

and allow for comparison of its dielectric properties to midlatitude subsurface ice in the northern 204 
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hemisphere. However, identification of subsurface reflectors is more challenging in regions such 205 

as Hellas Planitia and across much of the southern hemisphere due to the greater prevalence of 206 

clutter caused by rough off-nadir topography, which returns many echoes at similar time delays as 207 

expected for subsurface reflectors. This poses challenges for the survey presented here.  208 

3. Methods 209 

SHARAD is an orbital ground-penetrating radar with a 20 MHz center frequency and a 210 

bandwidth of 10 MHz. SHARAD’s theoretical vertical resolution is 15 m in free space and !"
√$!

 m 211 

in a material with real component of the dielectric constant er, which limits detecting icy deposits 212 

to those that are at least ~10 m thick (Seu et al., 2007). Correlation of the returned radar signals to 213 

the transmitted radar chirp produces sidelobes, which can occur at the same time delays as 214 

subsurface reflectors (Croci et al., 2011). Windowing to reduce sidelobes during processing 215 

reduces the resolution to ~25 m in free space (Croci et al., 2011). SHARAD’s horizontal resolution 216 

is 3–6 km cross-track and 0.3–1 km along-track (Seu et al., 2007). 217 

We surveyed 368 SHARAD tracks (Fig. 2), within 20–70°S and 30–90°E, which includes 218 

the entirety of Hellas Planitia, as well as some surrounding areas, such as parts of Malea Planum. 219 

We used the Java Mission-planning and Analysis for Remote Sensing (JMARS) program 220 

(Christensen et al., 2009) to mark candidate subsurface reflectors on a map and measure their delay 221 

time relative to the surface. Candidate reflectors were identified by examining radargrams, which 222 

depict delay time versus distance along the spacecraft’s track, with the power returned at each 223 

pixel represented by its brightness. Reflections from off-nadir topographic features (“clutter”) may 224 

appear at time delays similar to subsurface reflections. Therefore, we compared the radargrams to 225 

clutter simulations based on Mars Orbiter Laser Altimeter (MOLA) topography data and tailored 226 

for SHARAD (Choudhary et al., 2016). The MOLA Mission Experiment Gridded Data Records 227 
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(MEGDRs) used for the simulations have 463 m/pixel resolution (at the equator), although they 228 

may not predict all clutter on this scale (e.g. Putzig et al., 2014). The MEGDRs can reliably predict 229 

clutter on a scale of ~10 km or longer (Choudhary et al., 2016), aiding in the identification of 230 

reflectors due to real subsurface features on this scale. Smaller features are more challenging to 231 

interpret due to both MOLA resolution and coverage gaps that have been interpolated over as well 232 

as the limited extent of the radar reflectors of interest (i.e., few data points along track).   233 

It is important to note that because SHARAD can resolve smaller features than those in the 234 

MOLA-based clutter simulations, these simulations do not necessarily represent all clutter. 235 

Therefore, reflectors identified by comparison with these simulations are only candidate reflectors 236 

and may still be unresolved clutter. Identifying reflectors in tracks adjacent to one another can 237 

increase confidence in ambiguous reflectors. Because we survey all the publicly available tracks 238 

in the region (at the time of the study), we are able to identify whether any reflectors are adjacent 239 

to or crossing other reflectors. Where possible, we used digital terrain models (DTMs) from the 240 

High Resolution Stereo Camera (HRSC; onboard the European Space Agency’s Mars Express 241 

orbiter; Gwinner et al., 2010; Neukum et al., 2004) to create more-detailed clutter simulations to 242 

determine whether candidate reflectors were clutter from features too small to resolve with MOLA. 243 

HRSC DTM resolution varies (Gwinner et al., 2010), but is typically ~75–200 m/pixel for the 244 

DTMs we used (Table S1). Therefore, surface features ~2–6 times smaller can be resolved in 245 

HRSC clutter simulations compared to MOLA clutter simulations. Typical time delays for the 246 

candidate subsurface reflectors we identified corresponded to distances of ~1–4 km across the 247 

surface if they were due to clutter. Therefore, the HRSC DTMs, which are >50 km wide (Neukum 248 

et al., 2004), usually include all relevant sources of clutter. Most HRSC DTMs we examined were 249 

wide enough to include clutter at the time delays of interest; those that were not were not used for 250 
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comparison to the radargrams. Context Camera (CTX; onboard MRO; Malin et al., 2007) DTMs 251 

were not extensive enough to include clutter at the relevant time delays. HRSC DTM coverage in 252 

the region was limited. DTMs were confined to the northern rim of the basin and a few parts of 253 

Malea Planum, and not generally available to validate any given candidate reflector of interest. 254 

Thus, our primary usage for them was to gauge the quality of our initial results from MOLA-based 255 

clutter simulations by finding the proportion of candidate reflectors that did not correspond to 256 

clutter in the HRSC simulations (i.e., more likely to be reflectors from actual subsurface 257 

interfaces).  258 

For these candidate subsurface reflectors we used JMARS to mark the surface (nadir) 259 

return above the subsurface reflectors. We measured the one-way delay time, Dt, between surface 260 

and subsurface reflectors (note that radargrams provide two-way delay times so we divided the 261 

observed delay times by two). This can be converted to a depth of the subsurface radar return, Dx, 262 

assuming a given dielectric constant (er):   263 

∆𝑥 =
𝑐∆𝑡
√𝜀%

	(1) 264 

where c is the speed of light. In this study, we assume various dielectric constants to place 265 

constraints on the depths to radar interfaces that may be associated with the base of candidate ice-266 

rich units. We constrain the range of depths to the reflectors assuming endmember compositions 267 

of pure ice (er = 3.15; Bogorodsky et al., 1985) to dense basalt (er = 8; Rust et al., 1999). The 268 

surface is unlikely to be well-preserved dense basalt in this region based on geomorphology, but 269 

this provides a useful low porosity endmember. Porosity lowers the dielectric constant. Mixtures 270 

of ice and rock would yield dielectric constants in between the endmembers. Alternatively, if the 271 

depth to the subsurface radar reflector can be found independently, the above equation can be 272 

rearranged to determine the dielectric constant and thus constrain the composition of the material. 273 
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Dielectric constants are not uniquely interpretable; a particular dielectric constant may correspond 274 

to various materials and mixtures of materials.   275 

4. Results 276 

4.1 Distribution of Candidate Reflectors 277 

 278 

Figure 2: Map of initial candidate subsurface radar reflectors, most of which are likely clutter. Note that most 279 

reflectors are short and isolated. The yellow dots indicate candidate reflectors <10 km long and the green dots indicate 280 

candidate reflectors >10 km long. HRSC Fail refers to reflectors that correspond to clutter in the HRSC clutter 281 

simulations; HRSC Pass refers to reflectors that do not correspond to clutter in the HRSC clutter simulations. The 282 

white box indicates the location of Fig. 3. 283 

By comparing the radargrams to MOLA-based clutter simulations, we initially identified 284 

185 candidate subsurface radar reflections (Fig. 2) (examples of additional reflections that are 285 

likely clutter are shown in Figures S1–S5). However, almost all of the initial candidate subsurface 286 

reflectors are short along-track (86% are <10 km long and thus potentially unresolved clutter; 287 
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Figures S6, S7) and often do not have a counterpart in adjacent tracks (Fig. S8, Tables S2–S4). 288 

This gives us lower confidence that these reflectors correspond to real subsurface interfaces, in 289 

part because this would be unexpected if they are due to a widespread deposit of material. Radar 290 

interfaces identified in other, smoother regions (e.g., northern plains regions) generally cover a 291 

greater along-track distance and are often detected in several tracks adjacent to each other (e.g., 292 

Bramson et al., 2015; Stuurman et al., 2016). Therefore, we conclude that many of these candidate 293 

reflectors are due to clutter that is insufficiently simulated using MOLA topography data, due to 294 

inherent resolution limits and data gaps (Fig. S9, S10, Tables S2–S4). The 25 reflectors that are 295 

>10 km long are less likely to be unresolved clutter, but like the shorter reflectors, many are 296 

isolated and therefore suspect.  297 

To further characterize the quality of the reflectors identified during comparison with 298 

MOLA clutter simulations, we performed comparisons with higher-resolution clutter simulations 299 

using HRSC DTMs that overlapped sufficiently with a SHARAD track near one or more of the 300 

higher confidence reflectors (Table S1, Figures S11, S12). We were able to check 40 of these 301 

reflectors and 27 (67.5%) clearly appeared to be clutter in the HRSC simulation. This supports the 302 

idea that many of the candidate reflectors identified overall are likely clutter. Most of these DTMs 303 

were to the north of Hellas Planitia, which is rougher than other parts of the region. However, 60% 304 

of the reflectors in smoother areas to the south also corresponded to clutter in the corresponding 305 

HRSC simulation (Table S4). Therefore, the high prevalence of clutter unresolved in MOLA but 306 

resolved in HRSC simulations is likely to hold throughout the region. 307 

Therefore, we conclude that Hellas Planitia exhibits a sparse distribution of radar reflectors 308 

that cannot confidently be associated with the base of any ice-rich or other deposits. However, we 309 
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identify one group of reflectors in Malea Patera which we have high confidence are associated 310 

with a localized subsurface deposit.  311 

4.2 High Confidence Detections in Malea Patera 312 
 313 

We have high confidence in a group of six adjacent reflectors (Figures 3–5) found in Malea 314 

Patera (in Malea Planum, to the southwest of Hellas Planitia). They are associated with a plateau 315 

approximately 36 km 𝗑 43 km across and 200 m tall. The reflectors (Fig. 5) cannot be at the depth 316 

of the base of this plateau without invoking an unrealistic dielectric constant of less than one. 317 

Therefore, the interface must be due to some layer within the plateau itself. The reflectors have a 318 

median depth of 89 m assuming er=3.15 and a median depth of 56 m assuming er=8. Three of the 319 

reflectors (two shown in Fig. 5) are similar in shape to the surface reflector and appear as though 320 

they could be due to material draping some underlying topography. They have a greater time delay 321 

than would be expected for radar sidelobes (which are located at time delays of 0.24 µs and 0.42 322 

µs; Putzig et al., 2014). In one of these reflectors (Fig. 5c), the portion that drapes down and aligns 323 

with the side of the plateau is contiguous with clutter, so we have lower confidence in this portion 324 

of the reflector. Part of another of these reflectors is curved (Fig. 5a), but a very similar curve is 325 

seen in the surface reflector, so it is plausible that both are curved due to draping of underlying 326 

topography. We have high confidence in the remainder of these reflectors, which is strengthened 327 

by the presence of the adjacent reflectors. In the other tracks, clutter is present that could obscure 328 

reflectors draping the sides of the plateau.  329 



 16 

 330 
Figure 3: Locations and one-way time delays of subsurface radar returns associated with Malea Patera, overlaid on 331 
MOLA color shaded relief. The black box shows the location of Fig. 4.  332 
  333 

 334 

Figure 4: Locations and one-way time delays of subsurface radar returns associated with a plateau in Malea Patera.  335 
CTX images G13_02322_1164_XN_63S305W and F10_039679_1165_XN_63S305W make up the background. White 336 
boxes show locations of Fig. 6.  337 
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 338 

Figure 5: a) Portion of SHARAD track 4510501 radargram over a plateau. b) Corresponding MOLA-based clutter 339 
simulation. c) Portion of SHARAD track 4554702 radargram. d) Corresponding MOLA-based clutter simulation. The 340 
location of these portion of the tracks are labeled in Fig. 4. 341 

CTX images show scalloped depressions on top of the plateau, within 20 km of all but one 342 

of the reflectors (Fig. 6). HiRISE images show that both the plateau and the surrounding area is 343 

covered with a mantle modified by small (<10 m) polygons. This mantle appears to cover the 344 

layering material visible in the plateau wall and an impact crater ~100 m in diameter near the edge 345 

of the plateau. Assuming a depth to diameter ratio of ~0.2 for simple craters, the depth of this 346 

crater is expected to be ~20 m. Therefore, a mantle thickness of ~20 m is needed to have filled the 347 

crater. This is an upper limit on the mantle thickness since the crater may be preferentially infilled.  348 

CTX images also show layers in the plateau wall beneath the mantle (Fig. 6) which 349 

resemble visible layers at the edges of some pedestal craters (Nunes et al., 2011). The edge of the 350 

plateau appears to be pitted, which is also observed around the margins of some pedestal craters 351 

(Kadish et al., 2008).  352 
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 353 

Figure 6: a) Part of CTX image G13_023222_1164_XN_63S305W showing scalloped depressions on the plateau. b) 354 
Part of HiRISE image ESP_014018_1175 showing layering at the edge of the plateau. c) Part of HiRISE image 355 
ESP_014018_1175 showing the mantled crater discussed above. Illumination from upper left in both CTX and HiRISE 356 
images.  357 

Another candidate reflector in the floor of the patera is >10 km long (Fig. 3). This reflector 358 

is in the vicinity of several pedestal craters as well as craters that appear to be mantled. The range 359 

of depths calculated for this reflector is 119 m (ice endmember) to 75 m (basaltic endmember). 360 

Williams et al. (2009) also identified one reflector on the floor of the patera using MARSIS.  361 

5. Discussion   362 

Over 80% of the candidate reflectors identified in the Hellas region using MOLA clutter 363 

simulations are shorter than 10 km, most are not adjacent to other reflectors, and over 60% of those 364 

checked in HRSC clutter simulations were found to be clutter. We conclude that there is no 365 

widespread subsurface radar reflector in this region. This contrasts with findings of widespread 366 

radar reflectors in northern plains where thermokarst is observed such as Arcadia and Utopia 367 

Planitia (Bramson et al., 2015; Stuurman et al., 2016). However, interpreting this result as 368 

indication of a difference in regional climate processes and amount of ice deposition between the 369 

northern and southern hemispheres is challenged by a possible bias against radar detection in some 370 

parts of the southern hemisphere.  371 

5.1 Differences in amount of clutter between northern and southern hemispheres 372 
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 The southern hemisphere generally has higher surface roughness than the northern 373 

hemisphere (Campbell et al., 2013; Kreslavsky and Head, 2002). Higher roughness increases the 374 

amount of both deterministic clutter (arising from reflections off topographic features with facets 375 

facing the radar) and statistical clutter (arising from surface roughness at scales the same or greater 376 

than the radar wavelength) (Seu et al., 2007). Either of these types of clutter could obscure possible 377 

subsurface reflectors or make them more difficult to confidently identify. In this survey, we 378 

observed significant deterministic clutter in many radargrams. Statistical clutter was less 379 

significant. Shoemaker et al. (2018) calculated a measure of roughness related to deterministic 380 

clutter from the MOLA topography using the root mean square (RMS) height multiplied by the 381 

absolute value of the sine of the slope aspect. Multiplying by the sine of the slope aspect gives 382 

greater weight to topography with east or west facing slopes which are oriented toward the 383 

SHARAD tracks (which trend approximately north–south). They found that radargrams 384 

qualitatively ranked as having greater clutter had a higher roughness parameter (Shoemaker et al., 385 

2018). Median values for radargrams with low, moderate, and high clutter ranks were 4.5 m, 7.4 386 

m, and 13.5 m respectively (Shoemaker et al. 2018). 387 

Throughout the entire study region in and around Hellas Planitia, the average for this 388 

roughness parameter is ~7 m (with a standard deviation of ~12 m), consistent with moderate to 389 

high clutter radargrams (Shoemaker et al., 2018). Considering the floor of the basin alone, the 390 

roughness parameter has a value of ~6 m (standard deviation ~9 m), consistent with a low to 391 

moderate amount of clutter (Shoemaker et al., 2018). For comparison, in Utopia Planitia, an area 392 

in the northern hemisphere where numerous reflectors potentially associated with an ice-rich 393 

deposit have been identified, the mean RMS height parameter is ~2 m (standard deviation ~2 m), 394 

consistent with low clutter radargrams (Shoemaker et al., 2018). This indicates that confidently 395 
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identifying subsurface reflectors is more difficult in the Hellas basin than in northern hemisphere 396 

plains regions, and this could be one explanation for the lack of detections on the Hellas basin 397 

floor and around the rim, where some expanded craters and scalloped depressions have been 398 

identified (Viola and McEwen, 2018). However, in the region around 50–60°S where most 399 

scalloped depressions and expanded craters are concentrated (Viola and McEwen, 2018), the 400 

roughness parameter is ~4 m (standard deviation ~3 m), consistent with low clutter (Shoemaker et 401 

al., 2018). This indicates that clutter is unlikely to obscure real subsurface reflectors in this region, 402 

and another explanation is needed for the lack of subsurface reflectors near geomorphic features 403 

that suggest subsurface ice in this area.  404 

5.2 Differences in ice content between northern and southern hemispheres 405 

Based on the geomorphology of the region, it is likely that there are subsurface interfaces. 406 

Poleward of ~50°S, ice-rich deposits are likely present. However, they could be too thin to be 407 

detected with current ground penetrating radars at Mars (i.e. less than ~20 m thick), the deposit 408 

could exhibit minimal dielectric contrast with the material below (e.g. because of a high lithic 409 

content in the ice), or the transition between the deposit and the underlying unit could be too 410 

gradual to cause a radar reflection.  411 

There are other indications that ice deposits in the southern hemisphere may generally be 412 

thinner than those in the northern hemisphere. The minimum boulder halo diameter, which may 413 

be related to the thickness of past ice-rich deposits, is smaller in the southern hemisphere (Levy et 414 

al., 2018). The surface echo power obtained from the Mars Advanced Radar for Subsurface and 415 

Ionospheric Sounding (MARSIS; Picardi et al., 2004) instrument onboard the Mars Express 416 

spacecraft has been used to derive the bulk dielectric constant for the upper 60–80 m of the 417 

subsurface, which is the limit to the depth the surface echo probes (Mouginot et al., 2010). Using 418 
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a binary ice-rock mixture, Mouginot et al. (2010) estimated that the ice volume fraction within the 419 

upper 60–80 m of the subsurface is ~50% for the southern hemisphere and 50%–100% in the 420 

northern hemisphere. These observations imply thinner and/or less icy deposits may be more likely 421 

in our region of interest in and around Hellas Planitia. Given that scalloped depressions and 422 

expanded craters are interpreted to indicate an excess ice deposit, rather than a pore-filling deposit, 423 

the more likely scenario may be a thin (tens of meters) excess ice layer, with locally thicker 424 

deposits at some locations (such as those exposed at the scarp sites of Dundas et al., 2018).  425 

 If there is a difference in the quantity of ice in the southern hemisphere versus the northern, 426 

this could indicate that the southern hemisphere has been less favorable for the formation or 427 

preservation of excess ice. Recent climatic conditions enabling excess ice formation or 428 

preservation may have favored the northern hemisphere. Climate models suggest that certain 429 

conditions (e.g. longitude of perihelion Lp = 90° and solar longitude Ls = 270° for the timing of 430 

the peak in dust opacity) favor preservation of ice in the southern hemisphere while other 431 

conditions (e.g. Lp = 270° and Ls = 90° for the peak in dust opacity) favor preservation in the 432 

northern hemisphere (Madeleine et al., 2014). These results may suggest that conditions favoring 433 

ice preservation in the northern hemisphere have occurred more recently or more often.  434 

5.3 Cluster of reflectors at plateau in Malea Planum 435 

We have high confidence in the cluster of reflectors associated with a plateau in Malea 436 

Patera. Based on measurements of a mantled crater on the plateau, the mantle is ~20 m thick so 437 

the ~60–90 m deep reflectors associated with the plateau cannot correspond to this mantle layer. 438 

Pedestal craters near the plateau as well as the resemblance of the plateau layers and margin pitting 439 

to some pedestal craters (Kadish et al., 2008; Nunes et al., 2011) suggests that this plateau could 440 

be formed from the same (possibly ice-rich) material as the pedestals.  441 
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Another possible explanation for these reflectors is that they are associated with a volcanic 442 

deposit. Malea Patera, an irregular depression located in Malea Planum, has been interpreted as a 443 

volcanic caldera based on its context among other features interpreted as volcanic in origin and the 444 

prevalence of dark material consistent with a mafic volcanic composition (Williams et al., 2009). 445 

However, this material may not be sourced from the patera (Williams et al., 2009). In addition, the 446 

patera does not exhibit a clear volcanic edifice, no flows or vents have been identified (Williams 447 

et al., 2009), and it exhibits only a weak positive gravity anomaly that does not support the presence 448 

of a large subsurface mass excess (Lemoine et al., 2001; Williams et al., 2009). Malea Patera has 449 

also been interpreted as a buried or heavily eroded crater (Plescia, 2004).   450 

Future work could further examine this cluster of reflectors to attempt to constrain the 451 

associated permittivity. These reflectors may contain insight into Malea Patera, but because the 452 

deposit associated with these reflectors appears to be isolated to the plateau on which the reflectors 453 

are found, they are not applicable to understanding the Hellas region as a whole. 454 

6. Conclusions 455 

We completed a radar survey of Hellas Planitia and surrounding areas and identified few 456 

candidate subsurface reflectors. Identifying these reflectors was challenging due to the high 457 

amount of radar clutter present across the area. Candidate reflectors were identified by comparison 458 

to MOLA clutter simulations. Of the candidate reflectors we were able to inspect in higher- 459 

resolution clutter simulations using HRSC data, over 60% were found to be clutter unresolvable 460 

using MOLA. We expect a similar proportion of all the candidates identified throughout Hellas to 461 

be clutter. Most of the candidate reflectors identified by comparison to MOLA clutter simulations 462 

are shorter than 10 km and not adjacent to other reflectors. Therefore, we conclude that throughout 463 



 23 

this region, there is not a widespread detectable interface between subsurface materials, such as 464 

the boundary between ice-rich and ice-poor units. 465 

Subsurface reflectors on the floor and rim of the basin could be obscured by surface clutter, 466 

based on the moderate to high surface roughness in those areas. However, clutter is likely not 467 

sufficient to obscure subsurface reflectors in the southern part of the basin and Malea Planum, 468 

where most expanded craters and scalloped depressions are located. The ice-rich deposits likely 469 

associated with these features may be too thin to be detected, have a gradual transition to the 470 

underlying unit, or have a minimal dielectric contrast with the material below. This would imply 471 

that subsurface ice in this area is thinner and/or less pure than ice identified in areas of the northern 472 

plains. This is supported by previous observations in the southern hemisphere as a whole (Levy et 473 

al., 2018; Mouginot et al., 2010) and by estimates of mantle thickness from mantled craters in 474 

Malea Planum (Zanetti et al., 2009).  475 

We found several adjacent reflectors in Malea Patera that are associated with a topographic 476 

plateau that exhibits scalloped terrain and layering at a scarp. We constrain the depth to the 477 

interface causing this reflector to between 89 m (assuming an endmember dielectric of pure ice) 478 

and 56 m (assuming an endmember dielectric of basalt). Although the surface geomorphology 479 

associated with the plateau and surrounding areas is suggestive of a thin ice-rich mantle, the 480 

expected depth of these reflectors indicates that they do not correspond to this mantle. However 481 

the resemblance of the plateau layers and margin pitting to some pedestal craters (Kadish et al., 482 

2008; Nunes et al., 2011) suggests that this plateau could be formed from the same (possibly ice-483 

rich) material as the pedestals.  484 

 485 

  486 
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